The existence of an association between numbers and space is known for a long time. The most prominent demonstration of this relationship is the spatial numerical association of response codes (SNARC) effect, describing the fact that participants' reaction times are shorter with the left hand for small numbers and with the right hand for large numbers, when being asked to judge the parity of a number (Dehaene et al., J. Exp. Psychol., 122, 371-396, 1993). The SNARC effect is commonly seen as support for the concept of a mental number line, i.e. a mentally conceived line where small numbers are represented more on the left and large numbers are represented more on the right. The SNARC effect has been demonstrated for all three cardinal axes and recently a transverse SNARC plane has been reported (Chen et al., Exp. Brain Res., 233(5), [1519][1520][1521][1522][1523][1524][1525][1526][1527][1528] 2015). Here, by employing saccadic responses induced by auditory or visual stimuli, we measured the SNARC effect within the same subjects along the horizontal (HM) and vertical meridian (VM) and along the two interspersed diagonals. We found a SNARC effect along HM and VM, which allowed predicting the occurrence of a SNARC effect along the two diagonals by means of linear regression. Importantly, significant differences in SNARC strength were found between modalities. Our results suggest the existence of a frontoparallel mental number plane, where small numbers are represented left and down, while large numbers are represented right and up. Together with the recently described transverse mental number plane our findings provide further evidence for the existence of a three-dimensional mental number space.
Introduction
Number representations in the human brain ''interact" with spatial representations in a characteristic way. As an example, digits induce a bias to the left for small numbers and to the right for large numbers, when subjects freely chose to press a left or a right button as a response to their visual presentation (Daar & Pratt, 2008) . The strong link between numbers and space in the human brain can also be deduced from findings showing that number and magnitude perception is modulated during saccadic eye movements (e.g. Binda, Morrone, and Bremmer (2012) , Binda, Morrone, Ross, and Burr (2011) , Irwin and Thomas (2007) ). Similar modulations have been described for the perception of space and time (Burr, Ross, Binda, & Morrone, 2010) .
The most frequently used example for the link between numbers and space is the SNARC effect (spatial numerical association of response codes). Dehaene, Bossini, and Giraux (1993) showed that human subjects have shorter reaction times to the left for small numbers and to the right for large numbers, when judging number-parity with button-presses using the left and right hand. In general, the SNARC effect is seen as an indication of the concept of the mental number line (MNL) which states that humans organize numbers on a mental line with small numbers on the left and large numbers on the right.
Since its discovery, numerous follow-up studies on the SNARC effect have aimed to determine experimental parameters and cognitive settings causing or modulating it. The SNARC effect has been shown for different effectors such as manual responses (Dehaene et al., 1993) , unimanual pointing responses (Bingley & Heath, 2011; Fischer, 2003) , saccadic eye movements (Schwarz & Keus, 2004) and pedal responses (Schwarz & Müller, 2006) . These findings implied that the SNARC effect might be effectorindependent. A recent study, investigating the SNARC effect in different effectors (eye, arm, and finger) in the same subjects, however, provided evidence that this most likely is not the case (Hesse, Fiehler, & Bremmer, 2016) .
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patterns, or spoken number words (Nuerk, Wood, & Willmes, 2005) . Based on these and related findings, the SNARC effect was suggested to be amodal, i.e. independent of the stimulus modality. If this was indeed the case, it would imply that the strength of the SNARC effect should be similar (if not identical) regardless of whether stimuli were visual or auditory. On the other hand, recent research has shown, that visual numerical information is processed in the so called number form area (NFA) while auditory information is not (e.g. Grotheer, Ambrus, and Kovács (2016) ; see Merkley, Wilkey, and Matejko (2016) for a review on NFA). Hence, such differences in number processing might lead to modalitydependent differences in SNARC effect strength. Accordingly, results from the literature were inconclusive concerning the outcome to be expected from our experiment.
In addition to the above mentioned effects, the SNARC effect has been shown for both cardinal axes in a frontoparallel plane with biand unimanual button presses (Gevers, Lammertyn, Notebaert, Verguts, & Fias, 2006; Hartmann, Gashaj, Stahnke, & Mast, 2014; Holmes & Lourenco, 2011 Ito & Hatta, 2004; Shaki & Fischer, 2012) and saccadic eye movements (Schwarz & Keus, 2004 ) with a preference for large numbers at the top and small numbers at the bottom.
One important aspect concerning a SNARC effect along the vertical axis concerns the response mode: in some of these studies (Gevers et al., 2006; Holmes & Lourenco, 2011; Ito & Hatta, 2004 (Exp. 1); Shaki & Fischer, 2012) responses for the ''vertical" axis were measured with button presses on a computer keyboard which was ordinarily placed on a table. Hence, the responses were given in the transverse plane (on the mid-sagittal axis) and could alternatively be described as ''near" and ''far" rather than as ''down" and ''up" (see Hartmann et al. (2014) , Lourenco (2011, 2012) , Winter, Matlock, Shaki, and Fischer (2015) , for the same issue). In addition to the studies listed above the SNARC effect in depth has also been shown by Chen, Zhou, and Yeh (2015) . In this study, the response latencies along the sagittal axis for ''near" positions were shorter for small as compared to large numbers. In line with a SNARC effect, the opposite was true for large numbers. Other studies which investigated a vertical SNARC effect by means of responses along the vertical axis found differences in strength of the SNARC effect. For saccadic eye movements a strong vertical SNARC effect was found (Schwarz & Keus, 2004) . For button presses along the vertical axis a significant SNARC effect was reported by Hartmann et al. (2014, Exp. 1) . In contrast to these findings, Lourenco (2011, 2012) reported a significant vertical SNARC effect with manual responses only when subjects were ''primed" with vertical numerical magnitude (e.g. levels in a building). In this study, participants were told to think of numbers as floors in a building, levels of depth in a swimming pool or items on a shopping list. In the latter condition (shopping list) and for ''unprimed" subjects Holmes and Lourenco found no significant vertical SNARC effect for. Gevers et al. (2006) and Lourenco (2011), Holmes and Lourenco (2012) investigated the SNARC effect also along diagonal axes. Both studies found a strong SNARC effect along one diagonal axis (named ''right-diagonal" or ''congruent diagonal") that required responses to up-right and down-left. Along the other diagonal axis (''left-diagonal" or ''incongruent diagonal") that required responses to up-left and down-right, no SNARC effect was found. The observation that no SNARC effect was found along the ''left-diagonal" has been explained by Gevers and colleagues by the fact, that along this diagonal two incongruent ''categories" were activated: For example, reaction times on number ''1" should be shorter for responses to the left and to the bottom. When investigating the ''left-diagonal" participants' reaction times to ''left up" could be shorter due to congruence with ''1" and ''left", but participants' reaction times could also be shorter to ''right down" due to congruence with ''1" and ''down", hence resulting in no advantage for any response-direction. In contrast, Holmes and Lourenco interpreted their results as evidence that there would be no (or only rare) spontaneous vertical organization of numbers. They assumed that any vertical SNARC effects would therefore be a result of a kind of ''overrulement" of the horizontal SNARC effect.
The above mentioned studies do have in common that subjects were only tested for a SNARC along the cardinal or the diagonal axes. Accordingly, it was impossible to infer subjects' performance along the diagonal axes from their performance along the cardinal axes. Consequently, in our study, we measured the SNARC effect along four axes (horizontal, vertical and both diagonals) within the same participants, which allowed us to predict the subjects' behaviour for responses along the diagonals from their own behaviour as obtained from responses along the cardinal axes and to compare it with our observations. Our data clearly show that the SNARC effect along the diagonal axes can be described as a linear combination of the participants' SNARC behaviour along the cardinal axes. Our results provide further evidence for the idea of a frontoparallel SNARC plane and, ultimately, the idea of a frontoparallel mental number plane (MNP). Furthermore, we found significant differences in the SNARC effect between auditory and visual stimulus presentation modality, indicating that the SNARC effect might not be strictly amodal.
Methods

Participants
A total of 28 participants (11 male) aged between 20 and 31 (mean 25) were recruited from the university population. All participants had normal or corrected to normal vision and were native German speakers. Participants' handedness was no control variable in our study. This was since (i) it is known that handedness has no influence on the SNARC effect (Dehaene et al., 1993) and (ii) participants had to respond with an eye rather than a hand movement. While an influence of handedness has been demonstrated for horizontal, leftward vs. rightward saccades (Hutton & Palet, 1986) , this modulatory influence would have been independent from the magnitude of the stimulus (number) and, hence, independent from the SNARC effect. They performed two SNARC-like tasks, adapted for two modalities (auditory and visual). All subjects except one (author PNH) were naïve to the purpose of the study and were compensated with 6 € or 8 € per hour (compensation was increased over data collection time for external reasons) for participation. After completing the full experiment each interested participant was given full disclosure concerning the goal of the experiment. Participants provided written informed consent before commencing the experiment and all procedures were approved by the local ethics committee and were in agreement with the Declaration of Helsinki.
Setup
Experiments were performed in a dark and sound attenuated room. Participants sat on a chair resting their head on a chin rest, placed centrally in front of a projection screen. The distance between the screen and the participant's eyes was 70 cm. The screen was a 120 cm (81°) wide and 90 cm (65.5°) high. All visual stimuli were back-projected on this screen by a video-projector (Christies DS+6K-M, Christie Digital Systems Canada Inc., Kitchener, Canada). The resolution of the screen was set to 1152 Â 864 pixels and the refresh rate to 60 Hz. Participants' binocular eye positions were recorded with an EyeLink II (SR Research Ltd., Ottawa, Canada) at a sampling rate of 500 Hz. Both eyes were calibrated separately.
Stimuli
A white fixation point (luminance: 134 cd/m 2 ) in the middle of a grey screen (luminance: 30 cd/m 2 ) was shown throughout all trials. Saccade targets were shown on opposite sides of the fixation target, either on the horizontal or vertical meridian (HM, VM) or on one of two diagonals. From here on we will use the terms ''Horizontal", ''Vertical", ''Diagonal_1:30" and ''Diagonal_4:30" as reference to these four axes (see Fig. 1 ). Thereby Diagonal_1:30 (half past one) refers to the diagonal extending from ''left and down" to ''right and up" and Diagonal_4:30 (half past four) refers to the other diagonal. The distance from the fixation target to the saccade targets was either 11.5°(for targets on the meridians) or 16.3°(for targets on the diagonals). Hence, targets on the diagonals had the same horizontal and vertical eccentricity as the targets on the meridians, allowing in principal for a direct comparison of the horizontal and vertical oculomotor performance for saccades along the meridian and the oblique axes. Fixation point and saccade targets had the same size (radius = 0.2°). Subjects had to judge the parity of numbers between 1 and 9, except 5. In the visual task, numbers were black digits (luminance: 0.2 cd/m 2 , size: 3°Â 3°) centred on the fixation point, which were presented for 33 ms. In the auditory task, stimuli were the German words for the numbers (in German: ''eins", ''zwei", ''drei", ''vier", ''sechs", ''sieben", ''acht" and ''neun") presented binaurally via headphones (mean sound pressure level 73.6 dBA). Auditory stimuli had been recorded beforehand by a female human speaker and were clearly understandable. All auditory stimuli had a duration of 450 ms.
Procedure
On each trial the participants made a judgment on the parity of the presented number. Responses were made with saccadic eye-movements from the central fixation point to one of the two peripheral saccade targets. ''Response mappings" required reporting odd numbers by means of a saccade to the one point and even numbers to the other and vice versa. Saccade target positions were on the HM, the VM or on one of the two diagonals (see Fig. 1 ), generally referred to as ''axes" in the following. Participants were instructed to respond both quickly and accurately. In total, 16 conditions were performed by each participant in 16 blocks of trials. These conditions comprised 4 axes Â 2 response mappings Â 2 sensory modalities (auditory and visual). The 16 blocks were split in four sessions that were performed on four different days. Every session consisted of four blocks. Data for one axis were measured in one block. Within a session, participants performed saccades along all four axes with one stimulus-response mapping and one sensory modality (auditory or visual). The order of measurements for the axes and response mappings in the first session was pseudorandomly chosen for half of the participants. The other half had the same order of axes, but started with the opposite response mapping. For instance, if subject 1 started with Horizontal axis and ''left even" followed by Vertical axis and ''up even" etc., subject 2 started with Horizontal axis and ''left odd" followed by Vertical axis and ''up odd" etc. In the next session, response mappings were switched accordingly. 15 subjects started with the auditory presentation modality, while 13 participants started with the visual presentation modality. A given presentation modality was always recorded on two subsequent recording-sessions, but not necessarily on two subsequent days.
A block was composed of 280 trials. Throughout each trial, participants had to keep their gaze within an invisible, electronically defined window centred on the fixation point (radius: 1.2°). Subjects were instructed to move their gaze after stimulus presentation from the fixation point to the correct target (see below). Trials in which fixation was broken too early were immediately aborted and repeated at the end of the set in pseudorandomized order until they were performed appropriately. Trials in which stimulus presentation was erroneous due to technical reasons (e.g. frame drops of the visual display) were repeated in the same way. Every trial was started by the participant by pressing the spacebar of the keyboard while fixating the central target, thereby allowing for a re-adjustment of the recorded eye-position signal (drift-correction). Subjects were free to choose which hand or finger to use for their response. Between 500 ms and 1000 ms after fixation onset, a stimulus (number) was presented and the participant was asked to respond to this number depending on the parity and the stimulus response mapping used in that block of trials. The trial ended 200 ms after the gaze position correctly left an invisible circle with a radius of 4.7°centred on the fixation point. If no saccade was performed within 2 s after stimulus onset, the trial was marked as invalid and repeated at the end of the set of trials in pseudorandomized order.
The position of the saccade targets depended on the target axis and could be positioned on either the ''Horizontal" (R-L), the ''Vertical" (U-D), the ''Diagonal_1:30" (RU-LD) or the ''Diagonal_4:30" (RD-LU) axis. We will use these terms and acronyms in the following to distinguish between the axes. As stated above, data for certain target axes were recorded block-wise. At the beginning of each block the actual response mapping was presented as written instruction (e.g. ''links oben gerade-rechts unten ungerade", German for: ''left up even-right down odd"). Each block consisted of 35 repetitions of the eight numbers, resulting in a total of 280 trials. At the beginning of each block, eight practice trials (each number presented once) were performed to familiarize participants with the current axis and response mapping.
Analyses
In a first step, saccades were determined from the eye movement data by a threshold criterion: whenever the eye velocity went beyond 80°/s this was considered a saccade. Beginning and end of a saccade (in space and time) were defined as the instances for which the movement first/last reached 20°/s. Reaction time (RT) was defined as time between stimulus onset and saccade onset. As data was recorded from two eyes, the start-and endpoints of the saccade were determined as the mean of both eyes' saccades.
For further data analysis, we defined eye-movement targetareas. Since in a given block saccade targets were always directed towards opposite sides, only the correct saccade direction had to be determined. To this end, we defined target areas as the 90°a ngular space centred around the target axis (c.f. dark areas in Fig. 1 ). In general, saccades landing inside this area were considered as valid saccades. The following performances were considered invalid trials: (i) saccades which did not start inside a circular window (radius: 1.2°) centred on the fixation point, (ii) saccades which did not land outside a circular disk (radius: 4.7°) centred on the fixation point, (iii) saccades that started before stimulus onset as well as (iv) saccades which had binocular gazeend-position-differences of >5°(strabismus). Due to this procedure we examined primary saccades only and no corrective saccades were evaluated. Trials without any saccade, trials with invalid saccades as well as practice trials were excluded from further analysis. Trials with valid saccades to the wrong side were excluded from the main RT-analysis, too, but were taken into account when analysing response accuracy (also called proportion of error-trials (ER)).
In the next step, we tested for the presence of a SNARC effect for each axis and sensory modality. To this end, we applied two different analyses, a ''slope-analysis" (c.f. Dehaene et al. (1993) , Hesse et al. (2016) ) on the one hand and a repeated measures analysis of variance (ANOVA) on the other hand. For the slope-analysis, we calculated -for each participant, axis and sensory modality individually -the linear regression for the difference between median RTs to the one side minus median RTs to the opposite side for each presented number. In the classical SNARC setting (i.e. answers only to the left and to the right), the RT-difference is calculated as ''right-left" (R-L). We used the same difference measure for saccades along the horizontal axis (Horizontal). From now on, we will use the terms small-numbers-preferred-side (SNPS), i.e. left, and large-numbers-preferred-side (LNPS), i.e. right, concerning the horizontal axis. ''Preferred" in this case expresses the expectation that reactions should be more accurate or reaction times should be shorter to this side. For the vertical axis, we assumed a MNL with higher numbers at the top (Gevers et al., 2006; Hartmann et al., 2014; Ito & Hatta, 2004; Schwarz & Keus, 2004; Shaki & Fischer, 2012) . Therefore, we calculated reaction time differences as ''up-down" (U-D) (up = LNPS and down = SNPS). The Diagonal_1:30 from the lower left to the upper right was congruent with these two previously considered axes (right up = LNPS and left down = SNPS). Consequently, we calculated ''right up-left down" (RU-LD). The fourth axis (Diagonal_4:30), i.e. upper left to the lower right, was incongruent with one of the two axes along the horizontal and the vertical meridian, since large numbers were expected to have shorter reaction times on the right side and on the upper side. Hence, our assignment ''right down-left up" (RD-LU) (right down = LNPS and left up = SNPS) was one of two possible solutions, but in line with the assignment chosen by Gevers et al. (2006) and Holmes and Lourenco (2011) , Holmes and Lourenco (2012) . All further analyses were performed with respect to these assignments. For statistical analysis, we performed a single-sided signed-rank test in order to determine if the median of the regression slopes from all participants within one axis and sensory modality was significantly different from and below zero.
It is established to consider response accuracy in addition to reaction times as a second dependent variable (Keus & Schwarz, 2005; Nuerk et al., 2005; Schwarz & Keus, 2004; Wood, Nuerk, & Willmes, 2006) . Hence, we repeated the two analyses described above acting on the percentage of error-trials (ER) instead of median RT. We calculated the proportion of error-trials as number of trials with answers to the wrong side divided by the number of all valid trials (trials in which correct saccades were detected, see above) individually for each participant and each condition (magnitude x response side x parity).
In order to determine differences in SNARC strength between axes and/or between sensory modalities we applied five-way repeated measures ANOVAs (c.f. Hesse et al. (2016) , Nuerk et al. (2005) ) on median RTs and ERs, separately. Median RTs and ERs were grouped by approximate magnitude (i.e. grouping number values 1 & 2 together as one magnitude, as well as 3 & 4, 6 & 7 and 8 & 9) , response side (SNPS, LNPS), parity (odd, even), axis (Horizontal, Vertical, Diagonal_1:30 and Diagonal_4:30) and sensory modality (auditory, visual) as factors. These 4 Â 2 Â 2 Â 4 Â 2 ANOVAs were supposed to reveal any difference in SNARC strength between axes and any difference in SNARC strength between sensory modalities, if present. Furthermore, we performed paired Pearson product-moment correlations on participants' regression slopes between different modalities for behavioural data along all four frontoparallel axes.
Additionally, we applied a repeated measures three-way ANOVA (c.f. Hesse et al. (2016) , Nuerk et al. (2005) ) on median RTs and ERs within each modality and axis (using magnitude, response side and parity as factors). In addition to the slopeanalysis, the ANOVA is another widely accepted statistical test for the SNARC effect. In these tests a SNARC effect would be represented by an interaction between magnitude and response side along with a negative median slope.
The central goal of this study was to test for the existence of a frontoparallel ''SNARC plane". Therefore, we calculated multiple linear regressions over the calculated slopes (see above) along the cardinal axes (Horizontal and Vertical) to fit the slopes along each diagonal axis (Diagonal_1:30 or Diagonal_4:30). Significant multiple linear regressions would reveal that the regression slopes on reaction time differences along the diagonal axes could be described as a linear superposition of the regression slopes on reaction time differences along the cardinal axes and would hence provide further evidence for the existence of a frontoparallel SNARC plane. Finally, we repeated this calculation with a stepdown regression approach by performing the linear regression with one cardinal axis only at a time, in order to determine if one of the two cardinal axes dominates the SNARC effect.
Results
Behavioural results were obtained from 28 participants, performing a total amount of 62,720 trials for each sensory modality. In the auditory modality, 4442 trials (7.1%) were not considered for further analysis because (i) saccades were either invalid (855 trials, 1.4%) or because (ii) response behaviour was not correct (3587 trials, 5.7%, see Section 2 for details), leaving 58,278 trials for an indepth analysis. In the visual modality, 5744 trials (9.2%) were not considered for further analysis ((i): 1237 trials (2.0%) and (ii): 4507 trials (7.2%)) leaving 56,976 trials for an in-depth analysis. Within a single condition (magnitude x parity x response side x axis x sensory modality) 35 trials were performed. On average each participant performed 32.2 (std: 2.8) of these 35 trials correctly (audi- Fig. 2 . Differences in median reaction time (RT) between responses on the ''large numbers preferred side" (LNPS) and on the ''small numbers preferred side" (SNPS) for each number averaged across participants (error bars indicate standard error of the mean) plotted for cardinal (A and B) and diagonal (C and D) axes. Data from the auditory modality are presented in blue triangles, while data from the visual modality are presented in red circles. Data points are slightly shifted with respect to each other along the abscissa to allow for comparison. In this graphical regime, a SNARC effect is indicated by a larger difference for low numbers and a smaller difference for high numbers and, hence, results in a negative slope of a linear regression (line). The SNARC effect was significant only for Horizontal axis and Diagonal_1:30 in the visual modality (single-sided signed-rank test). Data from the vertical axis and Diagonal_4:30 in the visual modality revealed a trend (0.05 < p < 0.1). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) tory: mean: 32.5 (std: 2.7); visual: mean: 31.8 (std: 3.0)). Data from these correct trials were further analysed.
Median reaction times (RT) were 370 ms (visual modality) and 510 ms (auditory modality), respectively. RTs between sensory modalities differed significantly (two sample double-sided singed-rank test: p < 0.0001). In the auditory modality, median RTs for the different axes were as follows: R-L: 505 ms, U-D: 522 ms, RU-LD: 514 ms and RD-LU: 500 ms. These RTs were not significantly different (repeated measures ANOVA, F(3,81) = 1.41, p > 0.24). In the visual modality, the respective values were: R-L: 368 ms, U-D: 374 ms, RU-LD: 369 ms and RD-LU: 369 ms. Again, differences in RTs were not statistically significant (repeated measures ANOVA, F(3,81) = 0.58, p > 0.62). See Appendix A for a detailed list of all averaged RTs.
In the following we first investigated the SNARC effect in ERand RT-data separately for axes and modality both with slopeanalyses and repeated measures ANOVAs. Then we compared the strength of the SNARC effect between stimulus modalities using linear correlations and a five-way repeated measures ANOVA. Finally, we probed the existence of a frontoparallel mental number plane by (i) testing whether the strength of the SNARC effect along cardinal axes could be combined significantly to the strength of the SNARC effect along diagonal axes and by (ii) computing twodimensional linear regressions.
One-dimensional SNARC effect
To determine along which axes and sensory modalities a SNARC effect was present, we calculated the difference between median RTs for answers to the side that was expected to be preferred for answers to large numbers and median RTs for answers to the opposite side (LNPS-SNPS). We performed this analysis individually for each number, axis, sensory modality and participant. Based on these analyses, we calculated a linear regression for these differences as a function of number, again separately for axes, sensory modalities and participants. In a final step, we computed a single-sided singed-rank test over slopes from all participants in order to determine whether or not these slopes were significantly different from and below zero. For the visual modality, the slopes of the Horizontal axis (p = 0.041) and of Diagonal_1:30 (p = 0.0001) were significantly different from zero (see Fig. 2 ). The slopes of the Vertical axis (p = 0.078) and the Diagonal_4:30 (p = 0.093) were close to significant and revealed a trend. In the auditory modality all tests were not significant (all p > 0.16). Results of all slopes and p-values are listed in Table 1. A second established measure for quantifying a SNARC effect focuses on response accuracy (see Section 2 for details). The slopes, calculated over percent errors (ER), showed a significant SNARC effect in the visual modality for three out of four axes (all p < 0.02), but not for Diagonal_4:30 (p = 0.48) (see Fig. 3 ). For the auditory modality, data along the Diagonal_1:30 showed a significant SNARC effect (p = 0.0015) and data long the Vertical axis revealed a trend (p = 0.069). The slopes for data from the other two axes were not significantly negative (all p > 0.36).
Along with the slope analysis another common approach to test for the existence of a SNARC effect is the employment of ANOVAs based on median reaction time or response accuracy. In the three-way repeated measures ANOVAs, as determined on median RTs and ERs for each axis and sensory modality separately, with the factors magnitude, response side and parity, a SNARC effect would be represented by a significant interaction of magnitude x response side. Such a significant interactions based on RTs was found in the visual modality for Diagonal_1:30 (F(3,81) = 9.76, p < 0.00001) and a trend for the Horizontal axis (F(3,81) = 2.63, p = 0.056). For ERs a significant interaction was found in the visual modality for the Horizontal axis. (F(3,81) = 2.75, p = 0.048), the Vertical axis (F(3,81) = 4.22, p = 0.008) and Diagonal_1:30 (F(3,81) = 12.33, p < 0.00001) and in the auditory modality for Diagonal_1:30 (F(3,81) = 7.67, p = 0.0001). All other interactions magnitude Â response side were not significant (all F(3,81) < 2.06, p > 0.11). Together with the negative slopes (c.f. Figs. 2 and 3 ) theses significant interactions indicated a significant SNARC effect in the respective conditions. Results of all interactions magnitude Â response side are listed in Table 1 .
Additional main effects and interactions reached significance, too (see Appendix B). Notably we did not find any significant interaction of response side Â parity. Such an interaction would have been indicative of a MARC effect (linguistic markedness of response codes; Nuerk, Iversen, & Willmes, 2004) in our data (all F(1,27) < 3.35; p > 0.078). Behaviourally, a MARC effect would have led to shorter reaction times on right side responses to even digits and shorter reaction times on left side responses to odd digits.
The SNARC effect induced in two sensory modalities
One goal of our experiment was the comparison of the SNARC effect in the two sensory modalities. Figs. 2 and 3 show (among others) the strength of the SNARC effect (i.e. the slopes of the linear regression) along the four different axes and two sensory modalities. A paired Pearson product-moment correlation between SNARC strength from auditory and visual modality separately for Fig. 3 . Differences in percent response error (ER) between responses on the ''large numbers preferred side" (LNPS) and on the ''small numbers preferred side" (SNPS) for each number averaged across participants (error bars indicate standard error of the mean) plotted for cardinal (A and B) and diagonal (C and D) axes. Data from the auditory modality are presented in blue triangles, while data from the visual modality are presented in red circles. Data points are slightly shifted with respect to each other along the abscissa to allow for comparison. In this graphical regime, a SNARC effect is indicated by a larger difference for low numbers and a smaller difference for high numbers and, hence, results in a negative slope of a linear regression (line). In the visual modality the SNARC effect was significant for the two cardinal axes and the Diagonal_1:30 (singlesided signed-rank test). In the auditory modality the SNARC effect was significant for Diagonal_1:30 and revealed a trend for the Vertical axis (0.05 < p < 0.1). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
RTs and ERs showed significant correlations between auditory and visual modality for RT along the Horizontal axis and for ER along the Diagonal_1:30 as well as a trend for ER along the Horizontal axis (see Fig. 4 ). It had been suggested before that the SNARC effect is amodal (Nuerk et al., 2005) . In such case, we would have expected significant correlations between auditory and visual sensory modality data in all eight cases. Hence, our observation of such a correlation in only one third of the comparisons is not in line with this hypothesis.
Furthermore, we statistically tested our data with a five-way repeated measures ANOVA with factors axes (Horizontal axis, Vertical axis, Diagonal_1:30, Diagonal_4:30) and sensory modality (auditory, visual) in addition to the factors used before (i.e. magnitude, parity, response side). As before, a significant interaction magnitude Â response side would indicate a SNARC effect. The ANOVAs revealed such a significant interaction for RTs (F(3,81) = 4.02, p = 0.01) and ERs (F(3,81) = 9.27, p < 0.0001) indicating a global SNARC effect in our data. Furthermore an interaction magnitude Â response side x axis was present for RTs (F(9243) = 2.61, p = 0.007) and ERs (F(9243) = 3.95, p = 0.0001), indicating differences in SNARC strength between axes, as observable in Figs. 2 and 3 . Remarkably, for RTs also an interaction magnitude x response side x sensory modality was significant (F(3,81) = 2.84, p = 0.043), indicating differences in SNARC strength as induced by auditory and visual presentation. This interaction was probably driven by differences along the diagonal axes (c.f. Fig. 2C & B) . See Appendix C for a detailed list of the five-way ANOVA results.
Taken together, both results (missing correlations between intra-subject visual-and auditory data, 5-way-ANOVAs) indicate that the SNARC effect as measured in our study differed between sensory modalities.
Two-dimensional SNARC effect
The major goal of our study was to compare the SNARC effect along cardinal axes with the SNARC effect along diagonal axes in the same subjects. Therefore, we employed the regression slopes (see Section 2) as a measure of SNARC strength. In order to test for a superposition of a SNARC effect along the horizontal and the vertical axes towards a two-dimensional SNARC plane, we calculated multiple linear regressions using the slopes for the cardinal axes (Horizontal and Vertical) as predictor of the slopes on the diagonal axis (Diagonal_1:30 or Diagonal_4:30). We repeated this analysis for RTs and ERs in both sensory modalities resulting in eight multiple linear regressions. Results of these multiple regressions can be found in Table 2 (''H & V"). For response accuracy, three of the four regressions were significant and the fourth regression (visual Diagonal_1:30) showed a close-to-significant trend. For RTs a significant regression was found in half of the cases (auditory Diagonal_1:30 and visual Diagnonal_4:30). Absolute regression coefficients showed no significant difference between Horizontal axis and Vertical axis (two-sided t-test: t(0.95; 14) = 1.19, p = 0.25).
Finally, we repeated this calculation with a stepdown regression approach by performing the linear regression with data from measurements along one cardinal axis only at a time, in order to determine if one of the two cardinal axes dominates the SNARC effect. Results of these regressions can be found in Table 2 (''Horizontal" & ''Vertical"). In five of the six cases, for which the multiple linear regression was significant, the linear regressions using data from measurements along the horizontal axis only were significant. For the data from measurements along the vertical axis only, this was found in one case and in two cases this regression showed a close to significant trend (0.05 < p < 0.1).
In a second step, we displayed the RT-differences (ERdifferences, respectively) in a three-dimensional plot: with the number in horizontal and vertical orientation as independent variable and the (RT-or ER-) difference on the four axes as dependent variable. We fitted a two-dimensional plane to these data points (see Fig. 5 and Table 3 for parameters). Since the twodimensional plane is the three-dimensional equivalent of the classical SNARC regression slope, a negative slope of the plane (in xand/or y-orientation) would indicate a SNARC effect along the corresponding axis. The significance of these slope-parameters would be confirmed if the 95% confidence interval of the parameter was negative, since in such case the slope was negative with p < 0.05. For ER-differences the 95% confidence intervals of the slopes were all below zero, confirming a significant two-dimensional SNARC effect in the visual and in the auditory modality. For RTdifferences in the visual modality the confidence intervals were negative as well. The confidence intervals of the auditory RT- differences were positive on one side of the interval and negative on the other, leading to no conclusive result.
Discussion
We performed a SNARC experiment with 28 participants using saccadic eye movements as responses. Answers were given along four different axes (Horizontal, Vertical, Diagonal_1:30 and Diagonal_4:30) and for two stimulus modalities (auditory and visual). The goal of this study was to compare, within individual subjects, the SNARC effect across different spatial axes and sensory modalities. We found that the strength of the SNARC effect differs between visual and auditory presentation modality, at least for saccadic responses along axes other than the horizontal axis, characterising the SNARC effect as being not strictly amodal (c.f. Nuerk et al., 2005) . Furthermore, our results point towards the existence of a frontoparallel mental number plane (MNP) where large numbers are represented right and up while small numbers are represented left and down. Consequently our results argue against the idea that the SNARC effect along the vertical axis is a rearranged SNARC effect along the horizontal axis (Holmes & Lourenco, 2011 . Instead, our data provide further evidence for the hypothesis of a three-dimensional mental number space (Chen et al., 2015) .
Evidence for a frontoparallel SNARC plane
We compared the SNARC strength across different axes with multiple linear regressions. Different from previous studies, which have tested for a SNARC effect only for the cardinal or only for the diagonal axes, we were able to test for a superposition of effects since we tested in our subjects saccades (as response measure) along all four axes. Our results unequivocally show that for auditory and visual stimuli the regression slopes of the SNARC effect along the diagonal axes can be predicted by a linear superposition of the regression slopes of the SNARC effect along the cardinal axes for most of ER-data and half of the RT-data.
Furthermore, when considering the regression coefficients for RT-and ER-data for auditory and visual stimuli (see Table 2 ), we found that the coefficients for the Horizontal axis were always positive, while coefficients for the Vertical axis were positive or negative. In three out of four cases the coefficients for the Vertical axis for Diagonal_1:30 were positive while in three out of four cases the coefficients for Diagonal_4:30 were negative. This negative value of the coefficients for the Vertical axis for Diagonal_4:30 could be explained by the assignment ''right down-left up" that was in contrast to the assignment ''up-down" along the Vertical axis. Hence, the sign of the SNARC effect strength along the vertical axis had to be flipped to fit for SNARC effect strength along Diagonal_4:30. The SNARC effect strength along the horizontal axis never had to be flipped, since the assignment ''right-left" was correct for both diagonals. Accordingly, all of our data were in line with the concept of a frontoparallel mental number plane (MNP). On this MNP large numbers are represented in the upper right, and small numbers are represented in the lower left, just as presented in Fig. 5 . Such a frontoparallel MNP has been hypothesized by Schwarz and Keus (2004) based on the SNARC effect measured along the cardinal axes with saccadic responses. Our data support this hypothesis of a frontoparallel mental number plane.
The SNARC effect in the vertical Domain
We found a (rather weak) vertical SNARC effect in RT-data measured with visual stimuli. This results is in contrast to the findings from Lourenco (2011, 2012) , who reported an inverted SNARC effect (with a positive slope) along the vertical axis and who proposed that the vertical SNARC effect is a result of a highly dominant horizontal SNARC effect that was adapted for vertical axis.
Additionally, we could not find evidence for an ''overrulement" of the horizontal axis over the vertical axis in our ER-data. If there had been such an ''overrulement" of the horizontal axis over the vertical axis, a significant SNARC effect on Diagonal_4:30 would have been expected, since on this axis the vertical axis was incongruent with the SNARC analysis (see Section 2). In contrast to that expectation no SNARC effect was found (slope near zero) for visual and auditory ER-data, as would have been expected from an equally weighted superposition of the mental number lines along the two cardinal axes.
The results of the stepdown linear regressions imply that processing along the horizontal axis had a stronger impact on the results along the diagonal axes than processing along the vertical axis. In our complete data set, we had found six out of eight multiple linear regressions to be statistically significant. Accordingly, when performing the stepdown regression for both cardinal axes individually, a maximum of twelve significant analyses could have been expected (six for each cardinal axis). Yet, we only found five cases to be significant when regressions were based on the slopes along the horizontal axis only, and one case for the vertical axis with two additional close-to-significant cases. Importantly, among the latter was a case, for which the 2-D linear regression was significant, while the regression based on vertical-axis-only slopes was close-to-significant and the regression based on the horizontal-axis-only slopes was not significant. Accordingly, even if the horizontal axis has a stronger impact on the SNARC effect, it is not exclusively the horizontal axis which induces SNARC. Fig. 5 . Three-dimensional presentation of the differences in median reaction time (RT) (A and B) and the response accuracy (ER) (C and D) between responses on the ''large numbers preferred side" (LNPS) and on the ''small numbers preferred side" (SNPS) for each number averaged across participants (error bars indicate standard error of the mean) for auditory (A and C) and visual (B and D) modality. X-and Y-position is determined by the presented number and the axis of the measured condition (note that plot axes are reversed for a better presentation). Data of Horizontal axis is shown in red, Vertical axis is shown in green, Diagnonal_1:30 is shown in blue and Diagonal_4:30 is shown in black. The fitted plane is the three-dimensional equivalent of the two-dimensional SNARC-regression-slope (see Figs. 2 and 3) and hence, indicating a twodimensional SNARC effect if significantly negative in both slope-parameters. This is the case for B, C and D, since both 95%-confidence intervals are negative.
Table 3
Results of the fit on RT-and ER-differences in three-dimensional space (see Fig. 5 ). Fit was done with the regression-function f(X, Y) = s x * X + s y * Y + c. Upper and lower bound of the corresponding 95%-confidence interval is listed in ''min" and ''max" columns. For slope-parameters ''s x " and ''s y " these confidence intervals indicate a significant SNARC effect in the corresponding cardinal axis if both values are negative, which is the case in all conditions except for auditory RTs. Another indication that the two cardinal axes were equally weighted for the construction of a mental number plane was provided by the weights in the multiple linear regressions. If the horizontal axis would have had a major impact on the diagonal axes, the expected weight for the horizontal axis should have been much higher than the expected weight for the vertical axis. In our data set, we found no evidence for larger absolute values for the horizontal axis (non-significant t-test), in our auditory and visual RTand ER-data sets. Therefore, we suggest that the SNARC effect along the horizontal axis did not ''overrule" the SNARC effect along the vertical axis. Instead, our results point towards the existence of a frontoparallel mental number plane (MNP).
SNARC effect in saccadic responses
Previous studies have raised concerns about the measurement of the SNARC effect with saccadic eye movements (see Lourenco (2011, 2012) , Winter et al. (2015) ). The objection raised by Lourenco (2011, 2012) was that upward saccades were found to be generally accomplished with less speed than downward saccades (Collewijn, Erkelens, & Steinman, 1988 ). Yet, we assume that this difference in oculomotor behaviour does not influence the vertical or diagonal SNARC effect measured with saccadic responses. Since saccadic responses to the top and to the bottom were measured for each number, the computed difference (Up-Down) in RT or ER, on which the regression analysis was based on, should balance out any effects on differences between upward and downward eye movements. This also holds true for both diagonal axes. It might still be, however, that differences between our findings and those from Lourenco (2011, 2012) were due to the effector specificity of the SNARC effect (Hesse et al., 2016) .
Three-dimensional mental number space
Different from the results reported by Lourenco (2011, 2012) , participants in our study revealed a SNARC effect along Diagonal_1:30 (in visual RT-data and both ER-data) and no SNARC effect along Diagonal_4:30 (in visual and auditory RTand ER-data) without prior priming. Remarkably, this diagonal SNARC effect could be described as superposition of the SNARC effect along the cardinal axes. Hence, the organization of numbers on a MNP might be indicative of an intrinsic organizational mechanism and representation in the human brain. In this context, Hoffmann, Hornung, Martin, and Schiltz (2013) reported that children aged five and a half years (which means in preschool age) showed a SNARC effect. It would be interesting to test whether young infants also show this MNP.
Taken together our results concerning the existence of a frontoparallel mental number plane (MNP) and the results by Gevers et al. (2006) , Chen et al. (2015) who suggested a number mapping on the transverse plane, lead to the idea of a mental number space (also hypothesized by Chen et al., 2015) . In such a space, large numbers are represented right/up/far and small numbers are represented left/down/near. The idea of such a mental number space is in line with results from Fischer and Campens (2009) who showed that participants used all three dimensions when being asked to indicate positions of numbers or distances without experimental constraints concerning a single axis or plane. One possible experiment to further verify this hypothesis could be repeating our experiment with saccadic responses along all three cardinal axes (abscissa, ordinate and applicate) and the associated diagonals in three-dimensional-space. If the three-dimensional mental number space would exist as described above, then the strength of the SNARC effect along the three cardinal axes should allow predicting the strength of the SNARC effect along the four diagonal spatial axes. This hypothesis could easily be tested e.g. with threedimensional reaching-movements for targets located at the vertices of a virtual cube and the starting point of the movements in the middle of such a virtual cube.
Differences in the SNARC effect between sensory modalities
In our study, subjects responded to visually and auditorily presented numbers. If the occurrence of a SNARC effect would have been independent from the sensory modality, the presences of a SNARC effect for visually presented numbers in a given subject would have been indicative of its occurrence for auditory stimuli. Hence, a modality-independent (or amodal) SNARC effect would have suggested a high correlation for visual and auditory SNARC measures across the group of subjects. Yet, we found such a correlation only in roughly one third of the eight test cases (see Fig. 4 ). Furthermore, our data revealed a qualitative difference in the SNARC strength between the auditory and visual modalities in RT (see Fig. 2 ). This difference was confirmed by the five-way repeated measures ANOVA on RTs revealing a significant interaction between magnitude Â response side Â sensory modality. This interaction indicated differences in SNARC effect strength (magnitude Â response side) between sensory modalities. The fact that the SNARC effect was weaker in the auditory modality, is also reflected in the response accuracy where a significant SNARC effect was present in Diagonal_1:30 only, which is supposed to be the orientation with the strongest SNARC effect according to the mental number plane (see above).
Our finding of a modality dependence of the SNARC effect is not in line with results reported by Nuerk et al. (2005) , who found the SNARC effect to be amodal. Subjects in the study by Nuerk and colleagues had to perform bimanual responses (button presses), while in our experiment participants had to perform saccades. Accordingly, the different outcomes of the two studies might simply be due to the different effectors involved. This in turn would be in line with the results of our own previous study, where we could show that the SNARC effect is most likely effector dependent (Hesse et al., 2016 ).
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